Protein phosphatase 2A (PP2A) is a major serine/threonine phosphatase which participates in the regulation of multiple cellular processes. As a confirmed tumor suppressor, PP2A activity is downregulated in tumors and its re-activation can induce apoptosis of cancer cells. In the brains of Alzheimer's disease (AD) patients, decreased PP2A activity also plays a key role in promoting tau hyperphosphorylation and Aβ generation. In this review, we discussed compounds aiming at modulating PP2A activity in the treatment of cancer or AD. The upstream factors that inactivate PP2A in diseases have not been fully elucidated and further studies are needed. It will help for the refinement and development of novel and clinically tractable PP2A-targeted compounds or therapies for the treatment of tumor and AD.
INTRODUCTION OF PP2A
Phosphorylation is a common post-translational modification of proteins which participate in regulating protein functions in numerous intracellular events. Protein phosphatases (PPs) remove the phosphates from phospho-proteins. Based on the amino acids from which phosphates are removed, protein phosphatases are divided into serine/threonine or tyrosine phosphatases [1] . The serine/threonine phosphatases can be further classified into two types: type 1, namely PP1, and type 2, which has three enzyme members PP2A, PP2B, and PP2C [2] . PP2A is one of the most important serine/threonine PPs in eukaryotic organism. It is a highly conservative protein from yeast to human with its function extraordinarily complex [3, 4] . As one of the most abundant enzymes, PP2A makes up for 1% of total cellular protein in some tissues [5] .
It participates in many cellular functions, such as cell cycle, growth, metabolism, transformation and apoptosis [6] . The holoenzyme of PP2A is composed of a scaffolding subunit (A), a regulatory subunit (B) and catalytic subunit (C). Both A and C subunits have two isoforms, α and β. The regulatory B subunit has many family members. B subunit associates with the core enzyme (formed by A and C subunits) to compose the heterotrimeric holoenzyme complex [7] . PP2A, together with PP1, accounts for more than 80% of the total serine/threonine phosphatases activity in mammals [8] .
PP2A is involved in the progression of cancers and is considered as a tumor suppressor [5] . The activity of PP2A is decreased in many cancers and improving PP2A activity has been tested as a promising therapeutic intervention [9] . Besides cancer, PP2A dysfunction is also involved in neurodegenerative diseases. In Alzheimer's disease (AD), PP2A inactivation leads to tau hyperphosphorylation and Aβ overproduction [5, 10] . Therefore, compounds aiming at recovering the abnormally repressed PP2A activity may benefit both cancer and AD patients.
PP2A activity can be regulated by post-translational modification. For example, phosphorylation of threonine 304 (T304) residue or tyrosine 307 (Y307) residue can inactivate PP2A, and phosphorylation at Y307 can be regarded as a marker of PP2A inactivation in tumors [11] [12] [13] . In addition, methylation of the carboxyl-terminal leucine 309 (L309) residue can activate PP2A through facilitating the interaction of C subunit with B subunit [14, 15] . PP2A-L309 methylation is reversible and modulated by two conserved and PP2Aspecifc enzymes, leucine carboxyl methyltransferase (LCMT1) and PP2A methylesterase (PME-1) [3, 5] . Some compounds can modulate the above mentioned PP2A post-translational modifications, thus modulate PP2A activity.
PP2A activity is also regulated by several endogenous inhibitors such as inhibitor 1 of PP2A (I 1 PP2A), also known as ANP32A, inhibitor 2 of PP2A (I 2 PP2A), also known as SET, and cancerous inhibitor of PP2A (CIP2A) [16, 17] . Besides direct interaction with PP2A, compounds targeting these endogenous inhibitors can also modulate the activity of PP2A and may have therapeutic potential in cancer and AD.
COMPOUNDS TARGETING PP2A IN THE TREATMENT OF CANCER

Compounds Regulating PP2A Activity Directly: Small-molecule Activators of PP2A
Cancer is one of the greatest threats to human health, and its development and progression involves coordinate changes in both oncogene and tumor suppressor function [18] . As a tumor suppressor, PP2A is explored in many studies. It is confirmed that PP2A inhibition contributes to cancer development [5] . Tricyclic neuroleptics can regulate PP2A activity through direct binding with PP2A Aα subunit [19] . However, application of these drugs was restricted due to CNS-related toxicity identified in clinical trials in the early 1990s [19, 20] . Recently, Sangodkar et al reported that improved small-molecule activators of PP2A (SMAPs), synthetic tricyclic sulfonamide, can inhibit the growth of KRAS-mutant lung cancers in mouse xenografts and transgenic models through binding to the PP2A Aα scaffold subunit to drive conformational changes in PP2A. SMAPs can activate PP2A directly and lead to cell death and lung tumor suppression through inhibiting MAPK signaling pathway [21] . The application of SMAPs in the treatment of other type cancers needs further investigation.
Compounds Regulating PP2A Activity Indirectly 2.2.1 Compounds Targeting PP2A Inhibitor SET
FTY720: As observed, SET, one of the endogenous inhibitors of PP2A, which directly binds to and modulates PP2A activity, is overexpressed in tumors [22] . PP2A activity can be recovered through relieving it from its inhibitor. A sphingolipid analogue drug, FTY720, which has been approved by FDA for the treatment of refractory multiple sclerosis, can bind to and target SET. FTY720 is identified to imitate ceramide to relieve PP2A from SET and increase PP2A activity. In experimental cancer treatment, FTY720 mediates lung cancer cell death via induction of PP2A/ RIPK1-dependent necroptosis, thus leading to tumor suppression [23, 24] .
OP449: As an oncoprotein, SET is overexpressed in many cancers such as leukemia and breast cancer [25, 26] . OP449 (formerly COG449) is a specific, physiologically stable, cell-penetrating peptide that can bind to the C terminal end of SET, disrupting SET-PP2A interaction without changing total SET level, and resulting in PP2A activity promotion. OP449 can inhibit the growth of myeloid leukemia cells and reduce the tumor burden in mice which were xenografted with human leukemia cells. The tumor-growth repressing effect is related with decreased pS62-Myc levels and PP2A is a negative regulator of it. In breast cancer treatment, OP449 not only decreases the tumorigenic potential of breast cancer cells but also induces cancer cell apoptosis [26, 27] .
Compounds Targeting PP2A Inhibitor CIP2A
Celastrol: Besides SET, another endogenous cancerous inhibitor of PP2A (CIP2A) was discovered in 2007 [16] . As an oncoprotein, CIP2A is overexpressed and adversely related with the prognosis of lung and other human cancers [28] [29] [30] . Celastrol (also known as tripterine) can inhibit CIP2A, resulting in inhibition of proliferation and induction of apoptosis in nonsmall-cell lung cancer (NSCLC) [28] . Celastrol is a natural compound extracted from T. wilfordii or other members of the Celastraceae family [31] . It is found that celastrol could directly bind to CIP2A and promote its degradation through the ubiquitin-proteasome system. In addition, celastrol has been shown to induce cell death through mitochondrial-induced apoptotic signaling pathway but the exact mechanism still needs elucidation. Celastrol also has the potential to enhance the effects of cisplatin on lung cancer cells in vitro and in vivo [32] [33] [34] [35] . However, whether celastrol can increase PP2A activity has not been reported and needs to be further explored.
Ethoxysanguinarine: Ethoxysanguinarine (ESG), another inhibitor of CIP2A, could downregulate CIP2A then resulting in an increase in PP2A activity [5, 36] . ESG is a benzophenanthridine alkaloid extracted from plants of the Papaveraceae family. It is converted by sanguinarine upon crystallization with ammoniated ethanol during the isolation process and retains the antibacterial activity comparable of sanguinarine [37] . In the treatment of lung cancer, ESG effectively downregulates CIP2A and its downstream signaling molecules c-Myc and phospho-Akt (p-Akt), and upregulates PP2A activity. It inhibits proliferation and induces apoptosis of lung cancer cells, and also enhances the effects of cisplatin on malignant cells [36] .
Bortezomib: Bortezomib is a FDA approved anticancer drug which is used for the treatment of multiple myeloma, and it is also the first therapeutic proteasome inhibitor approved to be used in humans [38] [39] [40] . Bortezomib could downregulate CIP2A mRNA level but did not affect the degradation of CIP2A protein.
Bortezomib treatment on triple negative breast cancer (TNBC) cells results in CIP2A inhibition with p-Akt downregulation in a dose-and time-dependent manner [40] . P-Akt is a very important player in cancer cell survival. Akt signaling activation was significantly stronger in TNBC tumor [41] . CIP2A overexpression could upregulate p-Akt and protect breast tumor cells from apoptosis, and silencing CIP2A by siRNA can reverse the effect [40] . In addition, Bortezomib could also induce autophagy in hepatocellular carcinoma (HCC) through a CIP2A-PP2A-Akt-4EBP1 pathway [39] .
Erlotinib Derivative: Erlotinib and its derivatives are tyrosine kinase inhibitors. Erlotinib is approved by FDA for the treatment of NSCLC [42] . They can inhibit epidermal growth factor receptor (EGFR) tyrosine kinase activity through binding to the EGFR kinase domain [43, 44] . In addition, Erlotinib may inhibit tumor growth through an EGFR-independent mechanism via CIP2A [42, 45] . Erlotinib derivative, TD52, can induce HCC cells apoptosis through reactivation of PP2A and downregulation of CIP2A and p-Akt [43] . Another derivative, TD-19, shows more potent apoptotic effects than Erlotinib in EGFR wild-type NSCLC cell lines. It can suppress CIP2A and increase PP2A activity, as well as decrease Akt phosphorylation. However, it has minimal effects on EGFR phosphorylation [42, 46] . The exact mechanism by which these compounds affect CIP2A and PP2A activity is indistinct. Some evidence suggests that erlotinib derivative could indirectly downregulate CIP2A transcription via disturbing the binding of a single transcription factor, Elk-1, to the CIP2A promoter [47] .
Other Compounds
In addition to the compounds described above, there are compounds which can regulate PP2A activity through other pathways. For example, as a radio-and chemosensitizer, LB-100 can inhibit the PP2A-C subunit and be used together with Docetaxel for the treatment of solid tumors [48] . As a novel 2-phenyloxypyrimidine compound, TGI1002 can disrupt the interaction between SET and PP2A, then increase PP2A activity, and thus has anti-tumor effects in chronic myeloid leukemia (CML) [49] . However, the precise molecular mechanisms of these compounds are elusive ( fig. 1 ). Thus, improving the understanding of mechanisms regulating PP2A function and activity is particularly important in the development of PP2A-targeting agents [5, 44] .
ROLE OF PP2A IN AD
AD is one of the most common neurodegenerative disorders, which is characterized by extracellular deposits of β-amyloid (Aβ) and intracellular formation of neurofibrillary tangles (NFTs) in the brain [50] . Microtubule associated protein tau is abnormally hyperphosphorylated in AD patient brain [51, 52] , which aggregates into paired helical filaments (PHF) thus forming NFTs [53, 54] . The density of NFTs is positively related with the severity of dementia in AD patients [51] .
Tau is a phospho-protein and its phosphorylation is regulated by protein kinases (PKs) and PPs [55] . Tau hyperphosphorylation is regarded as the result of tau-related PKs and PPs imbalance [56] . A lot of PKs and PPs are involved in tau hyperphosphorylation; glycogen synthase kinase-3β (GSK-3β) and PP2A play dominant roles among them [57] . PP2A mRNA [58] , protein [59] and phosphatase activity are decreased in postmortem brains of AD patients. Besides PP2A, other protein phosphatases, including PP1 and PP5 are also inactivated in AD brains [60, 61] . It is suggested that PP2A, PP1, PP5 and PP2B make up for about 71%, 11%, 10% and 7%, respectively, of the total tau phosphatase activity in human brain [62] . Therefore, decreased PP2A activity is critical to tau hyperphosphorylation and increasing PP2A activity may be an effective therapy for the treatment of AD.
PP2A inhibition may also accelerate the formation of extracellular deposits of Aβ. Decreased activity of PP2A can increase amyloid precursor protein (APP) phosphorylation; improved phosphorylation at APP-Thr-668 can increase the generation of Aβ and ultimately amyloid plaque formation [63, 64] . At the same time, decreased PP2A methylation may induce PP2A activity inhibition and thus activate c-jun N-terminal kinases (JNKs), leading to AD-relevant neuronal cell death [65] . JNKs control the apoptotic process and can induce cell death in several neurodegenerative disorders [66] . Until now, the underlying mechanism of PP2A inactivation in AD is poorly understood [10, 67] . 
SEW2871
SEW2871 is a selective sphingosine-1-phosphate receptor 1 (S1PR1) agonist [68] . S1P and its receptor signaling pathways are involved in plenty of physiological and pathological processes. S1P also plays a key role in the development of neural tube and vascular system during embryogenesis [69] . As reported, SEW2871 treatment can markedly decrease p-Tau-Ser262 level without changing total tau level. This effect appears to be quite specific because it shows mild effect in regulating p-Tau-Ser396 reside and completely no influence on the modulation of p-Ser199/202 and p-Ser404 residues [68] . It has been reported that p-Tau-Ser262 phosphorylation is affected preferentially by AMPK activation [70] . SEW2871 treatment can decrease AMPK phosphorylation at its Thr172 residue and increase PP2A activity via reducing its phosphorylation and improving its methylation [68] . Tau hyperphosphorylation at Ser262 may be an early tau pathological event in the process of AD and it is vital for Aβ-induced toxicity [71] . Therefore, SEW2871 may have potential effect in the treatment of AD in the early stage.
SCR-1693
SCR-1693 is a synthesized tacrine-dihydropyridine hybrid which shows both acetylcholinesterase inhibitor (AChEI) and calcium channel blocker (CCB) activity [72, 73] . SCR-1693 treatment results in tau dephosphorylation in HEK293/tau cells, as well as reduced Aβ generation in N2a/APP cells with unaffected cell viability [72] . In the hyperhomocysteinemia (HHcy)induced AD-like rat model, SCR-1693 can improve HHcy-induced cognitive impairments, attenuate tau hyperphosphorylation at multiple AD-associated sites and Aβ overproduction. Furthermore, it can also preserve dendrite morphologies as well as spine density and increase PP2A activity with unknown mechanism. As reported, SCR-1693 can reduce the phosphorylation of PP2Ac at Tyr307 in both prefrontal cortex and hippocampus [73] . Tyr307 phosphorylation is a PP2A inhibitory modification. Thus, the effect of SCR-1693 in reducing tau hyperphosphorylation and Aβ overproduction may be partly mediated by activating PP2A.
Metal Chelators
Cations such as zinc and iron are found in the senile plaques in AD brains with high concentrations [74] [75] [76] . We have reported that zinc inhibits PP2A directly through binding to PP2Ac in vitro [77] . Zinc can also induce PP2A phosphorylation at tyrosine 307 (Y307) and lead to tau hyperphosphorylation [78] . Thus, zinc chelators have the potential to re-activate PP2A through removing the inhibitory effects of zinc, in case PP2A inhibition is partially induced by zinc binding or zinc-promoted PP2A-Y307 phosphorylation. In our study, clioquinol (CQ) as an intracelluar zinc chelator can elevate PP2A activity and decrease PP2A-Y307 phosphorylation level in human tau transgenic mice [78] .
Like zinc, iron plays a crucial role in maintaining many biological functions in all living organisms [79] . It has been observed that brain iron level increases with aging in restricted regions in AD brain such as the parietal cortex, motor cortex, and hippocampus [80] . Several studies show that iron promotes the amyloidosis of Aβ peptides as well as tau hyperphosphorylation and accumulation [81, 82] . However, the relationship between iron and PP2A had not been illuminated.
Natural Plant Extracts
Till now, a number of natural plant extracts have shown the ability to reduce tau hyperphosphorylation and the formation of Aβ deposits. We have found that Moringa oleifera (MO), Tamarix gallica (TG), Codonopsis pilosula polysaccharide (CPPs) and Ginkgo biloba extract EGb761 can attenuate memory deficits in AD animal model [83] [84] [85] [86] . These natural plant extracts have the ability to decrease tau phosphorylation and increase PP2A activity but the exact mechanism is unclear. The change in PP2A activity may be attributed to the altered post-translational modifications of PP2A such as phosphorylation and methylation on the catalytic subunit. However, how these compounds affect post-translational modification of PP2A has not been clarified. Besides the above mentioned, plenty of other plant extracts have been reported, such as Betaine, Liraglutide, acetyl-l-carnitine, emodin, folate and vitamin B12 (vit-B12). All these have shown potential effect on the treatment of AD models but the specific mechanism is not fully explored [87] [88] [89] [90] [91] .
Other Compounds
Theoretically, most compounds that modulate PP2A activity may affect tau phosphorylation and Aβ generation. Some compounds, such as above mentioned, can influence the activity of SET or CIP2A and have impact on the tumor cell survival. However, whether these compounds have effects on tau phosphorylation and Aβ generation has not been elucidated. There are also some compounds that can influence the post-translational modifications of PP2A. For example, eicosanoyl-5-hydroxytryptamide (EHT) can inhibit protein methyl-esterase 1 (PME-1) and facilitate the methylation of PP2A in cellular systems [92] . Besides, the DNA damaging agent chloroethylnitrosurea (CENU) can induce apoptosis and PP2A methylation but the exact mechanism has not been explained [93] . Although PP2A activity can be modulated through methylation modification, the effects of EHT and CENU on tau phosphorylation and Aβ generation have not been reported. In addition, there are still some other compounds that can activate PP2A but the specific mechanism is not completely understood, such as palmitic acid [94] , melatonin [95] , troglitazone [96] , progesterone [97] , dithiolethione [98] , taurolidine [99] , forskolin and related compounds [100, 101] , 4-hydroxynonenal [102, 103] , ebelactone B [104] , epigallocatechine gallate [105] and 1,8-naphthyridines [106] (fig. 2) . Future studies aiming at understanding the mechanisms governing PP2A activity will be crucial to help guide the development of compounds targeting PP2A. 
CONCLUSION
PP2A is a prominent phosphatase that governs the development, cell proliferation and death, cell mobility, cytoskeleton dynamics and numerous of signaling pathways. PP2A is inactivated in cancer and AD but the exact mechanism is largely unknown. Compounds which can increase PP2A activity have therapeutic effect on animal or cell models of tumor and AD. Therefore, activation of PP2A by small molecules offers a new therapeutic opportunity to treat tumor and AD. The activity of PP2A can be influenced by many factors such as mRNA transcription, post-translational modifications, inhibitory proteins and other upstream or downstream factors. Thus, there are many ways to regulate PP2A activity. Further investigation should be taken to explore the therapeutic strategies, which target PP2A, in the prevention and treatment of tumor and AD.
